Abstract To study the shear feature of the clayey sand subgrade, the equations of soil-water characteristic curve with different net mean stresses were established based on laboratory test and non-linear elastic theory. The laboratory result shows that the net mean stress has significantly affected on the soil-water characteristic curve shape. The greater the net mean stress, the smaller moisture content of soil. The shear features of clayey sand were also figured out using triaxial equipment with mini air and water pressure sensors in non-drained and non-exhaust state. The results of research indicate that the net confining pressure and moisture content have significant effect on the strength, deformation, and yield feature of unsaturated clayey sand. The shear strength increases with the growth of net confining pressure in case of constant moisture content. The cohesion and friction angle of soil become larger with the increase of moisture content less than optimum content; while the water content is greater than the optimum water content, they show the opposite trend. The unsaturated clayey sand shows obvious dilatancy deformation in shearing. In the phase of shear contraction, the shear stress increases with the growth of suction and net confining pressure, which declines after it reach the peak point. Results of this research will be a benefit for the engineer.
Introduction
Clayey sand spreads in southern China and it is widely used in subgrade. During the construction, subgrade was compacted at optimum moisture content. It would reach to initial equilibrium then waves with season change after it is subjected to climatic and environmental factors. It is always in unsaturated state. The subgrade layers provide a substantial part of the overall structural capacity of the pavement system, especially for flexible pavements. Excess moisture, when combined with heavy traffic and moisture-susceptible materials, can induce structural distresses, which would dramatically increase life-cycle pavement costs. It is widely known that the characteristics of the unsaturated soil are strongly related to the change in suction [1, 13] . Since the strength-suction-moisture relationship of the compacted soils at the initial conditions is different from that after, the influence of moisture and suction on the shear strength features of compacted soils need to be explored.
As traffic load on the pavement is transient, we assume that the shear strength and deformation change with the water content of subgrade under the undrained and unexhaust state. In addition, the stresses induced in a pavement system by traffic loads are highest in the upper layers and diminish with depth, the soil-water characteristic curve (SWCC) of clayey sand under net mean stress should be South China University of Technology, Guangzhou, China established first to understand the mechanical behaviors of unsaturated subgrade soil in the paper. Then using unsaturated soil testing techniques and micro-pore pressure sensor, pore air pressure and water pressure during the clayey sand shear process is determined by triaxial shear test device to study on the effect of the water content and dry density to shear strength and deformation features of unsaturated soil. Based on the above analysis, it is very urgent to further research on the mechanical properties of unsaturated sandy soil, and it also has great practical value in engineering in China.
Materials and methods

Physical mechanical parameters of clayey sand
In this study, soil comes from Guangzhou-Foshan expressway widening project in Guangdong Province. The physical mechanical parameters of clayey sand are measured in the laboratory and given in Table 1 , based on the specification of ''Standard for soil test method (GB/T 50123)'' and ''Standard for engineering classification soil (GB/T 50145)''. The soil is identified as clayey sand.
In this research, a four channel unsaturated consolidation apparatus which was developed by Chen et al. [2, 3] is used to measure parameters of the curve of Compression curve and SWCC. This device can be able to independently control (or measured) total stress, pore water pressure and pore gas pressure. Four soil samples were fabricated in the size of 6.18 cm (diameter) 9 2 cm (height) with the dry density of 1.85 g/cm 3 . Before the test, the samples are pumped to saturation, and weighted with an accuracy of 0.001 g weight, then put them into 1-4 channel of the apparatus by the introduction (seen Fig. 1 ). After samples are installed, loading begin and net vertical pressure applied in each channel with 0, 100, 200 and 300 kPa, respectively. Matric suction is controlled by 25, 50, 75, 100, 150, 200, 300 and 400 kPa. In this test, three stability criteria, which are vertical deformation less than 0.01 mm in every 2 h, drainage quantity no more than 0.012 cm 3 in every 2 h, and the load stability time not less than 48 h, which must be satisfied at the same time.
The shear strength and pore water pressure of unsaturated soil can be obtained using the unsaturated soil triaxial apparatus (USTA) under the condition of fixed vertical pressure and controlled suction and pressure (Fig. 2) . The USTA is shown in Fig. 2 which has the following characteristics: (1) Higher suction can be applied. (2) Variable volume can be measured in high precision. (3) The function of internal and external pressure chamber can eliminate the error caused by the deformation of internal pressure chamber. (4) A measuring device of drainage volume is installed. (5) The pores pressure inside the soil can be controlled using USTA. The SWCC can be measured using USTA under wide range of suction.
Test method is described in the following. The moisture content of wet soil sample was calculated according to the design of dry density of the sample. Then, the wet soil sample was divided into five equal parts. The test sample was fabricated using a special device to compact the wet soil in five layers that was controlled with film set and steel ring. Finally, the sample was molded in the size of 3.91 cm (diameter) 9 8 cm (height). The gas of test specimen was pumped until saturated suction before testing. According to the load path of triaxial compaction test, the test sample was loaded in four different stress paths. The net mean stress is 0, 25, 50 and 100 kPa, respectively. When the net mean stress is 0 kPa which indicates that the test sample is not suffered net mean stress.
Soil-water characteristic curve
The soil-water characteristic curve (SWCC) defines as the relationship between volumetric water content and a particular suction in the soil, and becomes a dominant relationship for understanding unsaturated soil behavior. A number of equations have been proposed to best-fit the SWCC empirically. The constitutive equations for volume change, shear strength, and flow through unsaturated soil have been studied in the past three decades. Based on Mechanistic Empirical Design [10] , the shear strength, resilient modulus, and stiffness of New and Rehabilitated Pavement Structure were predicted by water content [4] . In [5] , Fredlund and Raharjo recognized that the stress state of a soil has some influence on the SWCC. Vanapalli et al. [11, 12] examined the influence of the total stress state on the SWCC of a compacted fine-grained soil indirectly. Huang et al. [6] studied the yield locus of unsaturated soil on p-s plane and determined the influence of net mean stress on unsaturated loss. Miao et al. [7, 8, 9] studied the influence of the stress state and wetting-drying cycles on the soil-water characteristic curve of Nanyang expansive soil in China. In this paper, net mean stress was taken as a variable to study the soil-water characteristic curve of unsaturated clayey sand by triaxial instrument.
To simulate the characteristics of compacted soil of subgrade, samples were compacted under different moisture content. Dry density of them was controlled at 1.85 g/ cm 3 . Four group tests were conducted through different stress path according to triaxial shrinkage test to determine the SWCC. For each group, the net mean stress was set at 0, 25, 50 and 100 kPa, respectively.
Test results were plotted in the relationship of w-s in Fig. 3 , in which water content of unsaturated sample was calculated by deducting drainage water from initial water content during triaxial drainage consolidation test. It shows that the soil moisture content deceases with the increase of suction under the same net mean stress; In the case of certain suction, it decreases with the increase of net mean stress. The value of net mean stress has significant influence on the shape of SWCC. Three curves, in which net mean stresses were controlled at 0, 25 and 50 kPa, can be divided into three sections with the increase in suction. Each section corresponds to the different states of unsaturated soil moisture. The first section is an initial flat section, when suction changes from 0 to 50 kPa, three curves almost coincide because of low suction and net mean stress. In this section, the soil is almost saturated, the value of suction is less than air intake, and the change of suction is very small. Air phase in soil is in closed state as bubbles suspending and flowing with water. The properties of soil in this state approach to that of saturated soil. When suction is in reach or more than air intake value, soil is in the second section, in which suction is from 50 to 200 kPa. This section corresponds to the segment decreased drastically in the soil-water characteristic curve. The air begins to enter the soil, and occupy the soil within the larger pore channels. Air is in the form of pore connectivity or partly connectivity patterns. With the suction increases, saturation of soil declines rapidly. The third section is the second flat segment in SWCC, in which suction is larger than 200 kPa. Air phase is in complete connectivity state. Since very little soil moisture, which is only filling small pore or pore corners, the suction of soil is very high. But significant increase of suction in this state only result in very little change in moisture content in soil, and it plays smaller and smaller role in the nature of unsaturated soil. The net mean stress was controlled at 100 kPa which was divided into two sections. The boundary point is s = 175 kPa. The mechanics of the moisture and suction is same to the second section and the third segment of that p was controlled at 0, 25 and 50 kPa.
Usually, three stress tensors were used to express the stress state of an unsaturated soil. Two tensors, net total stress tensor ðr ij À u a d ij Þ and suction tensor ðu a À u w Þd ij , also can be used assuming that there is no compression of soil particles. Here: r ij , u a , u w are total stress tensor, pore air pressure, and pore water pressure, respectively. r ij is Kronecker symbol. Triaxial stress state was expressed as follow:
where p, q and s are net mean stress, deviator stress, and suction, respectively; r 1 , r 2 , r 3 are three principal stresses.
Water phase volume strain of soil is defined as
where DV w is volume change of water in soil, and V 0 is the initial volume of soil.
In the three phase of unsaturated soil, the moisture content is expressed as
where w 0 , e 0 , and d s are initial moisture content, initial porosity ratio, and relative density of soil sample. To simulate the soil-water characteristic curve of clayey sand, a non-linear elastic model of unsaturated soil proposed by Chen et al. [2] was used in this study.
de w ¼ dp
where K wt is the tangent bulk modulus of water associated with net mean stress; H wt ¼ ln 10 sþp atm k w ðpÞ is the tangent bulk modulus of water associated with suction, in which, k w ðpÞ is a constant, so H wt is only related to current suction. If the expression of H wt is substituted into Eq. (4) then integrating the formulations, an equation of all variables can be obtained:
substituted Eq. (5) into Eq. (3), an equation of generalized SWCC can be obtained,
The general form of the above equation is
where a ¼ According to drainage, suction, pressure and net mean stress test data, the coefficient of the equation was derived from a multiple regression, a = 0.00302, b = 2.0152. The data from regression was compared with that from test, as shown in Fig. 4 . It can be found from Eq. (9) that the best fit of the SWCC is under the net mean stress. Using Eq. (9), moisture content in subgrade soil can be estimated from suction of the soil, which has an advantage of avoiding determining the parameters of unsaturated soil from triaxial test.
Results and discussion
Expressway is in the state of non-drained and non-exhaust because of the transient traffic load. The characteristic shear feature of unsaturated clayey sand subgrade is very important to understand how it works.
Fifteen shear test samples were conducted by unsaturated triaxial equipment in five groups; Pore water pressure and pore air pressure were also determined using minisensors of water pressure and air pressure.
Stress and axial strain relationship
In Fig. 5 , the shear stress and axial strain curves of clayey sand with same dry density show different characteristic with the change of net confining pressure and moisture content.
In Fig. 5 , it indicates that moisture content and net confining pressure are the important factors to shear strength of clayey sand, and the optimum moisture content is also a turning point of the shear strength developing.
It can be see that deviator stress increases with net confining pressure when moisture content remains at same level. At low confining pressure, the basic performance of soil shows the weak strain hardening character, shear stress increasing slowly with the axial strain growth. It appears soil shear strength peak at lower axial strain. When the confining pressure is growing, such as at 200 kPa in (c) and (d) of Fig. 5 , the soil shows weak strain softening behavior in which shear stress increases rapidly with the axial strain increasing and the soil strength increases with confining pressure and up to a peak value at larger axial strain.
At the same net confining pressure, the relationship between moisture content and deviator stress developing in different trends before and after optimum moisture content. When moisture content lower than optimum moisture content, deviator stress significantly increases with the moisture content. The friction between soil particles at lower moisture is larger than that at higher moisture content, on the other hand, cohesion of the soil increases with moisture content. Deviator stress will decrease when moisture content larger than optimum moisture content. In this situation, soil particles swell with water content, the skeleton of soil softens too, thus the modulus of soil declines with increasing of water content. As a result, the cohesion and internal friction angle of the soil decline with the increase of water content. Figure 6 shows the cohesion and internal friction angle developing with moisture content growth in nondrained and non-exhaust state at the density of 1.85 g/ cm 3 . Both of the parameters show peak value at the optimum moisture content. When moisture content less than the optimum content, the cohesion and internal friction angle increase slowly with the moisture content growth and the internal friction angle of clayey sand growth more slowly than cohesion, but decrease significantly when moisture content larger than the optimum content. Figure 7 is the curve of volume change with axial strain increase at same density and different moisture content. It shows obviously dilatancy of clayey sand including volume contraction and expansion. In the same density and moisture content, the dilatancy of clayey sand significantly decreases with the increase of net confining pressure. When dry density is the same, clayey sand shows dilatancy waning, while the moisture content increases.
Dilatancy of clayey sand
Pore water pressure and pore air pressure Figure 8 is the relationship between axial strains and pore water and air pressure. Air pressure and water pressure are shown in solid symbol and hollow symbol, respectively. Pore water pressure and pore air pressure are closely related to volume change of specimen. The peak of volume change corresponds to the peak of pore air pressure in Fig. 8 . It develops at same trend with volume change. As shear proceeds, pore water pressure and pore air pressure increase first and then decrease. With the occurrence of dilatancy, pore air pressure and pore water pressure curves gradually separate. At this moment, moisture content of specimen does not change, but the volume increases, thus suction of soil increases correspondingly. In the case of the same moisture content, the greater the net confining pressure, pore air pressure and pore water pressure is also greater. There is a good explanation about the occurrence of peak value of pore water pressure and pore air pressure. When moisture content is lower than the optimum moisture content, air in the pore is more connective than water, the peak value of pore air pressure appears earlier than that of pore water pressure, as shown in (a) of Fig. 8 . And it is later than peak value of pore water pressure when moisture content is more than the optimum content, because of the connectivity of pore water, as in (c) and (d). They are up to the peak value at same time when the moisture content is the optimum content, as shown in (b). Shear stress and suction relationship Figure 9 is the curve that shows, when the moisture content of 13.5 % and the initial dry density of 1.85 g/cm 3 , the relationship between shear stress and suction changes in the three different net confining pressure. Figure 9 shows that with the shear proceeding, the matrix suction increased first and then decreases after the dilation occurs. In the phase of shear contraction, the shear stress increases with the suction and the net confining pressure growth. The increasing trend is more obvious. The shear stress peak point in each curve is highlighted in Fig. 9 . It shows that the maximum value of suction prior to the maximum value of the shear stress, other than corresponding to that point, which indicates that the matrix suction declines after dilation of soil, while shear stress continues to increase with the test proceeding. It will decrease after a certain value. In the same density and moisture content, the greater is the confining pressure, and the suction is correspondingly greater when shear failure occurs.
Conclusions
In this paper, a soil-water characteristic curve taking consideration of net mean stress was established. There is obvious difference between SWCC with and without net mean stress. When the suction is constant, the net mean stress has significantly affected on the soil-water characteristic curve shape, that is, the greater the net mean stress, the smaller moisture content of soil.
The shear feature of unsaturated soil under traffic load can be evaluated as properties in the state of non-drained and nonexhaust. The net confining pressure and moisture content have significant effect on the strength, deformation, and yield feature of unsaturated clayey sand. The strength is more at optimum moisture content. And it increases with net confining pressure growth in case of constant moisture content. The soil with same density is softening strain when moisture content is less than optimum content. Cohesion and friction angle of soil become larger with the increase of moisture content less than optimum content, while the water content is greater than the (c) w=14.83% (d) w=16.02% Fig. 7 The curve of volume strain and axial strain at dry density of 1.85 g/cm optimum water content, they show the opposite trend. The unsaturated clayey sand shows obvious dilatancy in shearing, which significantly reduces with the net confining pressure increasing. And it is weakening as moisture content increases. Pore air pressure is closely related to the shear contraction of soil, which increases with shearing contraction and declines with dilation. w=16.02% Fig . 9 The relationship between suction and shear stress at initial dry density of 1.85 g/cm 3 and moisture content 13.5 %
